MinE is required for the dynamic oscillation of Min proteins that restricts formation of the cytokinetic septum to the midpoint of the cell in gram negative bacteria.
Introduction
The dynamic three-dimensional subcellular organization of proteins in bacteria is emerging as an important mechanism for the regulation of many critical processes. The bacterial MinD and MinE proteins are a well-characterized example of this type of system, oscillating in a controlled manner from pole-to-pole to localize MinC such that cell division at non-productive polar sites is prevented (1) (2) (3) (4) . Underlying this oscillation is a dynamic polymeric superstructure formed by MinD that extends out from the cell pole as a helical coil (5, 6) . MinE preferentially localizes to the leading edge of this coil to form a concentrated annulus of MinE (Fig. 1A ). This structure, known as the E-ring, drives the ordered disassembly of the polymeric structure from the mid-cell back to the pole (7, 8) . Concomitant establishment of a new Min polymer at the opposite cell pole initiates another cycle of growth and disassembly.
The energy for Min protein oscillation is provided by the MinD-catalyzed hydrolysis of ATP (9) , in a reaction cycle that is stimulated by MinE (Fig. 1B) . The region of MinE thought to be responsible for this stimulation of MinD ATPase activity is known as the anti-MinCD domain and encompasses the first ~30 residues of its amino acid sequence (10) . A truncated MinE sample containing the remaining C-terminal residues (31-88 in the Escherichia coli protein), also known as the topological specificity domain (TSD), has been shown to adopt an autonomous fold as a dimeric αβ sandwich (11, 12) . The TSD can interfere with the topologically specific activity of the full-length protein, since its overexpression in a wild-type (WT) background gives rise to products of polar cell division known as minicells (13) (14) (15) .
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Current models of MinE activity are based on the TSD structure and the observation that a peptide comprised of the first 22 residues of MinE is largely unstructured, with some propensity to sample helical conformations (12, 16) . According to this model, the anti-MinCD domain is largely unfolded and solvent-exposed, allowing free interactions with membrane-bound MinD. However, we have shown that in the fulllength MinE protein from Neisseria gonorrhoeae (Ng) the anti-MinCD domain is stably folded, with interactions involving the topological specificity domain (17).
Since the presence of structure in this part of the protein could significantly change current models of MinD-MinE interactions, we set out to determine the structure of a full-length MinE protein by solution NMR. This structure reveals an integral part of the dimeric interface in full-length MinE being formed by two regions of the anti-MinCD domain. We show using assays based on in vitro stimulation of MinD activity that residues located at solvent-inaccessible sites in the dimeric interface of this structure nonetheless play a direct role in binding to MinD. This sequestration of a protein-binding motif away from the aqueous environment helps to explain how MinE can minimize nonspecific interactions, an event that would significantly affect Min protein oscillation.
Results

Ng-MinE structure
Using standard heteronuclear solution NMR techniques, an ensemble of structures was determined for a full-length Ng-MinE sample. This was done using the E46A mutant, since it exhibited more favorable solubility characteristics than the wild-type protein, and retained structural characteristics that were highly similar to that of WT as 5 determined by circular dichroism and backbone NMR secondary chemical shifts (17, 18).
As shown in Figure 2 , E46A Ng-MinE forms a homodimer, with each subunit being comprised of a 3-strand β-sheet packed against an α-helix (αB, residues 39 to 54) in an approximately parallel orientation. Flanking the other side of the β-sheet is a shorter Nterminal α-helix from the other subunit in the dimer (αA, residues 3 to 8), which is roughly perpendicular with respect to the sheet.
An extensive homodimeric interface supported by intermolecular NOEs is formed by inter-subunit backbone hydrogen bonding between β1 strands, and interactions involving hydrophobic side chains from these strands (Leu contribute to the dimeric interface (Fig. 2B ). This part of the interface buries a total of 1200 Å 2 surface area per subunit. In addition, intermolecular NOEs involving the Nterminal αA helix were also assigned showing interactions with the β-sheet (Fig. S1 ).
The resulting structure shows that ~300 Å 2 /subunit of the β-sheet is buried by this part of the intermolecular interaction, with (Fig. 2C ). This dimeric structure could be independently confirmed by paramagnetic spin relaxation enhancement of amide resonances, which showed peak broadening that was consistent with inter-subunit interactions involving β1 and αA (Fig.   S2 ).
The integral role for N-terminal anti-MinCD domain residues at the dimeric interface was unexpected, since the C-terminal fragment containing residues 31-88 of Ec-6 MinE (Ec-TSD) forms a dimer that does not include any of these residues (12) . While the Ec-TSD structure contains the αB helix and β-strands β2 and β3, with the same interstrand hydrogen bonding and side-chain interactions found in the full-length Ng-MinE structure, the dimeric interface is formed by inter-subunit hydrogen bonds between two antiparallel β3 strands (Fig. 2D, 2E ). The αB helix also participates in extensive intersubunit interactions that are similar to those in our full-length Ng-MinE structure, with residues Ala 46 and Val 50 forming a patch at the dimeric interface analogous to that previously identified to be important for topological specificity function (Asp 45 /Val 49 in Ec-MinE) (14) .
During the preparation of this manuscript, coordinates for the 2.8 Å resolution xray crystal structure of MinE from Helicobacter pylori (Hp) were released (19), showing the same fold for the main body of the Ng-MinE structure with a Cα rmsd of 1.7 Å for regular secondary structure elements (Fig. S3, S4 ). Like the Ng-MinE structure, a portion of the anti-MinCD domain in the Hp-MinE structure forms a β-strand at the dimeric interface. In the case of the crystal structure the first 12-15 residues were not visible, preventing the observation of an inter-molecular interaction involving the N-terminal α-helix. In addition, the β1 interface appears to be less extensive in the crystal structure compared to that in the solution NMR structure. Specifically, the inter-molecular hydrogen-bonding network identified in the crystal structure for β1 is shorter than that inferred for Ng-MinE from NOE and solvent-exchange data (Fig. 1F, S5 ). These structural differences may be a consequence of the shorter loops that are characteristic of proteins from extremophiles like H. pylori, although the potential influence of crystal packing interactions on MinE structure cannot be ruled out as a contributing factor.
Identification of residues important for stimulation of MinD activity
One of the unexpected aspects of the full-length Ng-MinE structure was the localization of residues previously identified to be important for anti-MinCD function (residues 20 to 30) at the dimeric interface (Fig. 3A) . To identify true MinD-binding residues in Ng-MinE, we tested the ability of a series of mutants to stimulate Ng-MinD ATPase activity in the presence of phospholipid vesicles. As shown in Figure 3A , for most mutants in the N-terminal region of Ng-MinE, no differences in stimulation of MinD ATP hydrolysis rates from WT-levels were detected. In addition, the mutant used for structure determination (E46A) also stimulated MinD activity to levels that were indistinguishable from that of WT Ng-MinE. However, two mutants previously identified to be deficient in anti-MinCD activity, namely A18D and the structurally perturbed L22D (20), showed a complete loss of MinD ATPase stimulation. R21A and K19A also showed lower activity, suggesting that the MinD interaction mainly involves the flexible loop and part of the central β-strand. that is in a solvent-inaccessible position of the inter-subunit interface of the Ng-MinE dimer raised the possibility that other residues in this region of the structure may also play a similar role. For this reason, a longer N-terminal peptide, MinE , was tested in the same ATPase stimulation assay since it contains additional residues from that functional anti-MinCD domain that are buried in the structure. As shown in Figure 3C , this peptide was more active than Ng-MinE , with a profile that was almost the same as that of the full-length protein, including a K 0.5 of 0.08 µM (Table 1) . To determine whether this apparent increase in affinity provided by residues 23 to 27 was specific, we repeated the experiment using a mutant that had previously been identified to be defective for anti-MinCD activity, namely I25R (10) . While the I25R mutant of this peptide was capable of fully stimulating MinD activity, approximately 30-fold more peptide was required to reach half-maximal levels relative to the WT peptide (Fig. 3C , is one of the residues directly involved in the interaction between full-length MinE and MinD.
Evidence for conformational dynamics in MinE
When the residues identified to be important for stimulation of Ng-MinD activity are mapped onto the Ng-MinE structure, it is apparent that many are in regions that 
Discussion
A longstanding model of the MinE-MinD interaction involving a solvent-exposed, helix-forming anti-MinCD domain (10) has been challenged by the detection of β-structure in the anti-MinCD domain (17), the partial structure of Hp-MinE (19), and now by our solution NMR structure of full-length Ng-MinE. In particular, the structures show that residues previously identified to be important for anti-MinCD function are buried in the β1 dimeric interface. Given the central role for this region in dimerization, it is likely that mutation of non-solvent-accessible residues in this region that were previously shown to abrogate anti-MinCD function (e.g. L22D, I25R) would significantly perturb this dimeric structure. However, the in vitro MinD ATPase activities obtained with antiMinCD domain peptides suggest that the loss of binding affinity for MinD exhibited by these mutants is not a consequence of this structural change, but instead is primarily due to the elimination of large hydrophobic side chains that directly participate in the interaction. Therefore, in order for MinD to bind these residues in the full-length protein, some type of conformational change must occur to increase their accessibility. The conformational exchange we detected in the anti-MinCD domain does provide a mechanism for increased access to some of these MinD-binding residues. However, it is still not clear how MinD might simultaneously bind all of these residues in the dimer structure.
One scenario that could improve solvent-accessiblity for MinD-binding residues
that has yet to be explored is one where the MinE dimer dissociates into a monomer prior to its association with MinD. Dissociation of the dimer would give rise to a significant increase in solvent accessibility for the anti-MinCD domain that could make the monomer the higher-affinity ligand for MinD. In fact, the demonstration that the MinE S8 ) even when sample concentrations at the limit of detection were used (3 µM).
Nonetheless, this does not rule out the presence of low concentrations of the monomer that could be sufficient for maximal stimulation of ATP hydrolysis by MinD. Moreover, the actual association properties of MinE in vivo, and under in vitro assay conditions are likely to be multifaceted. In particular, the higher-order structures formed by MinD give rise to elevated local concentrations of MinE that would be expected to favor its selfassociation. This effect should also be in operation in vitro, since dynamic mesostructures have been demonstrated for MinD on the surface of planar lipid bilayers, with a non-uniform co-localization of MinE (31, 32). In our assay we obtained Hill coefficients that are greater than two ( Table 1 ), suggesting that a polymeric structure functionally linking multiple MinE-binding sites was also reconstituted under these conditions. However, in the absence of structural details for the MinD polymer it is not possible to predict whether a MinE dimer or monomer would interact more favorably.
Due to these considerations, in addition to other non-specific effects that could also affect the association properties of MinE (e.g. volume exclusion/molecular crowding, lipid-protein interactions etc), further investigation will be required to determine which oligomerization state of MinE is involved in MinD binding and E-ring formation.
Although 
Materials and Methods
Protein Expression, Purification and Mutagenesis
Plasmids used for expression of WT, E46A, L22D, and A18D Ng-MinE and WT NgMinD were as described previously (17, 20). All other mutants of the full-length NgMinE were generated by site directed mutagenesis of the WT plasmid, using the QuikChange Site-Directed mutagenesis protocol (Stratagene). All Min protein constructs expressed Ng-Min proteins appended at the C-terminal to a sequence of eight additional residues (LEHHHHHH). Expression and purification was done as previously described (17, 20). Sedimentation velocity experiments confirmed a dimeric state for these samples (Fig. S8) .
In vitro MinD ATPase Assay
Stimulation of Ng-MinD ATP hydrolysis by Ng-MinE was monitored using the malachite green method (33 
where K 0.5 is the concentration of ligand (L) required to reach half-maximal saturation and h is an interaction coefficient that can reflect the level of MinE-binding cooperativity.
In Phi/Psi dihedral angles which were derived from the program TALOS (46) were also included in the set of constraints. The ten lowest energy structures from a calculation of 200 structures was used to represent the NMR ensemble (statistics in Table S1 ).
N Relaxation Dispersion Experiments
In order to evaluate chemical exchange, an improved version (47) of the 15 N CPMG (48, 49) pulse sequence was employed at 30 °C and two magnetic fields (500 and 800 MHz), using a CPMG relaxation delay time of 30 ms. Effective relaxation rates R 2 eff were determined from peak intensities as previously described (50). Uncertainty in effective relaxation rates were estimated from duplicates. Assuming a two-state exchange model, the relaxation rates were fitted on a per-residue basis using CATIA (available from http://pound.med.utoronto.ca/software.html). Each subunit is shown in either blue or purple, and anti-MinCD residues 1-30 that encompass !A and "1 are darker shades of these colors. Side chains for residues corresponding to those previously identified to be important for topological specificity function (Glu 46 , which is mutated to Ala in this structure, and Val 50 ) are shown as balls. B) Detailed view of the dimeric !B interface, highlighting residues participating in inter-helical interactions. C) Electrostatic surface representation for residues 20-84, in the same orientation as that shown on the right hand side of panel A. The N-terminal !-helices (ribbons) pack against small hydrophobic patches that are flanked by negatively charged residues (red) that could attract the positively charged N-terminus. D) Schematic diagram highlighting the integral role for anti-MinCD residues 19 -31 in the dimeric Ng-MinE "-sheet. The orientation and color scheme is the same as in the right hand side of panel A. Amino acids forming inter-strand backbone hydrogen bonds are linked by a solid line, with orange lines indicating hydrogen bonds that were also observed for homologous residues in the Ec-TSD structure {King, 2000 #7}. Residues homologous to those involved in inter-subunit hydrogen bonds in the Ec-TSD structure are shown in orange. E) Structure of Ec-TSD (PDB ID 1EV0) with secondary structure elements homologous to those in the Ng-MinE structure indicated with labels. The pairwise C! rmsd for a single subunit of Ec-TSD and Ng-MinE is 2.9 Å (regular secondary structure elements only). F) Amide protons that could be observed in 1 H-15 N HSQC spectra of WT Ng-MinE recorded at pH 9.5 (20) are highlighted in blue, indicating residues that are protected from base-catalyzed solvent exchange due to hydrogen-bonding. The region corresponding to the part of the Hp structure engaged in inter-molecular backbone hydrogen-bonding interactions is shown in green for comparison. A) Residues important for stimulation of MinD-catalyzed hydrolysis are either partly solvent accessible (yellow side chains) or completely inaccessible (red) in the dimeric structure of full-length Ng-MinE. B) Representative relaxation dispersion curves for backbone amide groups at 800 MHz (red) and 500 MHz (black) shown for the three residues indicated. C) Backbone amides undergoing statistically significant exchange (described in the Materials and Methods) are shown as balls, where the diameter is linearly scaled according to the measured exchange rate (300 s -1 -3100 s -1 ). Most exchange sites cluster to a contiguous region on each end of the dimer (yellow). A structurally distinct site of exchange was also detected for !C (white). No exchange was detected for amides in the !B helices.
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Supplemental Materials and Methods
Paramagnetic Relaxation Enhancement Experiments
MinE has no native cysteine residues, and so sites for the introduction of single-cysteine mutations in E46A Ng-MinE were chosen that had high solvent accessibility, were proximal to regions of structural interest, and did not participate in structurally important interactions. NgMinE double mutants E46A/A31C and E46A/E83C were generated for this purpose. 15 N-labeled samples prepared as done for other Ng-MinE proteins except that 1 mM !-mercaptoethanol was included in the nickel affinity purification buffers, and 1 mM dithiothreitol in the size exclusion chromatography purification buffers. 1 H-15 N HSQC spectra were acquired to confirm that only residues in close proximity to the mutated site showed chemical shift perturbations, and therefore that no structural change was caused by these mutations. Chemical shift assignments were obtained using previously assigned spectra for E46A (1).
After removal of DTT from each sample by buffer exchange in an ultracentrifugation with the nlinLS module in NMRPipe (2) using a Gaussian model and the ratio of peak intensities in paramagnetic and diamagnetic spectra were determined. Measured intensity ratios were normalized using the three highest intensity ratios as has been done previously (3), to correct for decreased peak intensities in reduced spectra due to a small amount of precipitation that sometimes occurred during acquisition. Intensity ratios for the three samples were averaged and classified as strongly broadened (intensity ratio <0.2) intermediate broadening (0.2-0.8), or weakly broadened (>0.8) and mapped onto the structures shown in Figure S1 .
Amide Exchange Experiments
Slowly exchanging amides were monitored in 2 Relaxation data were fitted to the extended Lipari-Szabo spectral density function (5-7)
employing TENSOR2 (8) shown on the left), or for homologous residues in the Ec-TSD structure (2 views shown on the right). Residues for which broadening could not be accurately measured due to peak overlap or missing intensities are shown in grey. Secondary structure elements homologous to those determined in the Ng-MinE structure are labeled in the Ec-TSD structure. Regions of the Ec-TSD structure that are not consistent with the spin-label induced broadening are highlighted in blue. (For clarity, only one of the two symmetric sites in the dimer is highlighted.) Specifically, for A31C, strong broadening was observed for a cluster of residues that would be at least ~20 Å away from the spin label in the TSD structure, but only 10 Å away in the Ng-MinE structure. For spin-labeled E83C, residues 32-35 are ~20 Å away from the side chain at position 83 in the Ec-TSD structure, but were strongly broadened. In the Ng-MinE structure these residues are 10 Å or closer to the Glu 83 side chain. Also, residues 68-71 showed weak to moderate broadening, but are within ~10 Å of the side chain atoms of residue 83 in the Ec-TSD structure. In the Ng-MinE structure these residues are within 15 to 20 Å of this side chain, which again is consistent with the broadening observed. Overall, these results provide independent confirmation that the topological specificity domain dimer interface involving !3 is not formed in the structure of the full-length protein. All structure figures were prepared with MOLMOL (12)
Figure S3
Three views of an overlay of backbone traces for the Hp-MinE structure in red (PDB ID 3KU7) and the lowest energy member of the Ng-MinE ensemble (2KXO) in blue. The C! RMSD between our NMR ensemble and the 2.8 Å resolution Hp-MinE crystal structure (3KU7) was 
Figure S5
Log protection factors (PF) for Ng-MinE E46A at pH 7. Residues that undergo exchange at rates that were too rapid to detect by 2 Order parameter and heteronuclear NOE values for residues in the N-terminal #A helix are similar to those obtained for the main body of the structure, confirming the stable association of these structural elements.
Figure S8
Sedimentation velocity experiment showing a predominantly dimeric state for WT Ng-MinE at 110 µM (red), and 3 µM (blue). The sedimentation coefficient for the main species is 1.91 -1.92
S, corresponding to a molecular weight of 22.0 -22.2 kDa. The expected molecular mass for the His-tagged MinE is 22.2 kDa.
